Background: Glycogen synthase kinase-3 (GSK3) inhibition promotes apoptosis of pancreatic cancer cells. Results: GSK3 inhibition concomitantly triggers a prosurvival autophagic response. Conclusion: Autophagy inhibition promotes GSK3 inhibition-induced apoptosis. Significance: GSK3 has a dual role in pancreatic cancer cell survival.
Glycogen synthase kinase-3 (GSK3) are ubiquitously expressed serine-threonine kinases involved in a plethora of functions ranging from the control of glycogen metabolism to transcriptional regulation. We recently demonstrated that GSK3 inhibition triggers JNK-cJUN-dependent apoptosis in human pancreatic cancer cells. However, the comprehensive picture of downstream GSK3-regulated pathways/functions remains elusive. Herein, counterbalancing the death signals, we show that GSK3 inhibition induces prosurvival signals through increased activity of the autophagy/lysosomal network. Our data also reveal a contribution of GSK3 in the regulation of the master transcriptional regulator of autophagy and lysosomal biogenesis, transcription factor EB (TFEB) in pancreatic cancer cells. Similarly to mammalian target of rapamycin (mTOR) inhibition, GSK3 inhibitors promote TFEB nuclear localization and leads to TFEB dephosphorylation through endogenous serine/ threonine phosphatase action. However, GSK3 and mTOR inhibition impinge differently and independently on TFEB phosphorylation suggesting that TFEB is regulated by a panel of kinases and/or phosphatases. Despite their differential impact on TFEB phosphorylation, both GSK3 and mTOR inhibitors promote 14-3-3 dissociation and TFEB nuclear localization. Quantitative mass spectrometry analyses further reveal an increased association of TFEB with nuclear proteins upon GSK3 and mTOR inhibition suggesting a positive impact on TFEB transcriptional function. Finally, a predominant nuclear localization of TFEB is unveiled in fully fed pancreatic cancer cells, whereas a reduction in TFEB expression significantly impairs their capacity for growth in an anchorage-independent manner.
In addition, TFEB-restricted cells are more sensitive to apoptosis upon GSK3 inhibition. Altogether, our data uncover new functions under the control of GSK3 in pancreatic cancer cells in addition to providing key insight into TFEB regulation.
Pancreatic ductal adenocarcinoma (PDAC)
3 is the 4th leading cause of cancer-related deaths worldwide and the only malignancy with a 5-year survival rate in the single digits, i.e. 6% (1-3). These statistics have not improved over the last 40 years and although identification of the most frequently mutated genes in PDAC (KRAS, P53, P16, and SMAD4) have provided important insights into PDAC pathogenesis (4), they have not led to improvement in either diagnosis or treatment. Consequently, PDAC is still diagnosed at advanced stages and is highly resistant to current chemotherapeutic agents (1) (2) (3) . Finding the Achilles heel of pancreatic cancer cells and/or new therapeutic options to sensitize these cells to chemotherapeutic agents is imperative in the quest to improve the fate of PDAC patients.
We and others have previously demonstrated that inhibition of glycogen synthase kinase-3 (GSK3) impairs pancreatic cancer cell growth (5-10) thus providing a rationale for assessing the potential clinical utility of GSK3 inhibitors in PDAC patients (11) . Notably, we have shown that GSK3 inhibition triggers apoptosis by mechanisms involving JNK-cJUN activation (8) , whereas others have observed reduced growth as a result of NF-B activity down-regulation (5, 7, 9, 10, 12) . Despite the general consensus supporting an important role for GSK3 in the maintenance of pancreatic cancer cell growth, a comprehensive picture of the underlying downstream GSK3 effectors remains elusive. A better understanding of these effec-* This work was supported in part by Natural Sciences and Engineering tors is crucial before proposing GSK3 inhibitors as a therapeutic alternative in the clinical setting of PDAC patients.
Few studies have recently uncovered a regulation of autophagy by GSK3 inhibitors although the outcome on autophagy and/or cell viability appeared context-dependent (13) (14) (15) . Macroautophagy (referred herein as autophagy) is a catabolic process used by cells to degrade long-lived proteins and cytoplasmic components by delivering the latter to lysosomes (16, 17) . The resulting metabolites can be reused as sources of energy or for the synthesis of new macromolecules (18) . The role of autophagy in tumorigenesis is complex displaying both tumor suppressive and tumor promoting roles (19 -25) . Recently, human pancreatic tumors and pancreatic cancer cell lines were characterized for their high levels of basal autophagy (26) . As a result, inhibition of autophagy considerably impaired their growth in vitro and in vivo suggestive of a critical dependence of pancreatic cancer cells on autophagy (26) . Furthermore, anticancer drugs such as gemcitabine and 5-fluorouracil were shown to further enhance autophagy, albeit with some groups reporting a cytotoxic role (27, 28) , whereas others suggested a cytoprotective role (29 -31) for autophagy. Thus, the contribution of autophagy in the viability and/or growth of human pancreatic cancer cells warrants further investigation.
Herein, we further characterized the impact of GSK3 inhibition in pancreatic cancer cells. While inducing JNK-dependent apoptotic markers (8), GSK3 inhibition was found to promote a distinct autophagic response independently of the JNK-cJUN pathway. Preventing this autophagic response resulted in sensitization of cells to apoptosis suggesting a prosurvival role for autophagy upon GSK3 inhibition. Treatment with GSK3 inhibitors rapidly led to the dephosphorylation and nuclear localization of transcription factor EB (TFEB) recently identified as a master regulator of autophagy and lysosomal biogenesis. Moreover, TFEB-depleted pancreatic cancer cells displayed increased sensitivity to apoptosis upon treatment with GSK3 inhibitors providing support for a role for TFEB in the prosurvival signals induced by GSK3 inhibitors.
EXPERIMENTAL PROCEDURES
Cell Culture and Drug Treatments-HEK293T cells and human pancreatic cancer cells PANC1 and MIA PaCa-2 (American Type Culture Collection) were grown in DMEM supplemented with 10% fetal bovine serum (FBS) (Wisent, 095150), 2 mM Glutamax (Invitrogen, 35050-61) in a humidified 5% CO 2 atmosphere at 37°C (8) . The non-transformed human pancreatic ductal epithelial cell line (HPDE) was kindly provided by M. S. Tsao (University of Toronto) and cultured as described in keratinocyte/serum-free medium (Invitrogen, 17005-042) (8, 32, 33) . The stable populations of PANC1-shCTL and PANC1-shcJUN cells were previously described (8) . Mouse embryonic fibroblast (MEF) cell lines isolated from Gsk3␤ Ϫ/Ϫ mouse embryo and wild-type (Gsk3␤ ϩ/ϩ ) littermates were established in culture as immortal cell lines and were kindly provided by J. R. Woodgett (The Lunenfeld-Tanenbaum Research Institute, Toronto) (34) . MEF were maintained in DMEM supplemented with 10% FBS and 2 mM Glutamax. Cells were incubated for the indicated time period with GSK3 inhibitors CHIR99021 (Selleckchem, S2924) or SB216763 (Tocris, 1616). When indicated, cells were incubated with the JNK inhibitor SP600125 (EMD Millipore, 420128), the mTOR inhibitor Torin1 (Selleckchem, S2827), or the S6K1 inhibitor PF-4708671 (Selleckchem, S2163). For evaluation of autophagic flux, cells were incubated with chloroquine (Sigma) or Bafilomycin A1 (LC Laboratories, B-1080). To inhibit autophagy, cells were incubated with the vacuolar H ϩ -ATPase inhibitor Bafilomycin A1. To inhibit endogenous serine/threonine phosphatases, cells were preincubated for 15 min with Calyculin A (Cell Signaling Technology, 9902) prior to CHIR99021 or Torin1 addition. The pan-caspase inhibitor caspase inhibitor I (EMD Millipore, 627610) was used to inhibit caspase activation.
Antibodies-The following antibodies were used: anti-cJUN, anti-ERK1, anti-GFP, anti-LAMIN B (Santa Cruz Biotechnology, sc-1694, sc-93, sc-9996, and sc-6217, respectively), anti-14-3-3, anti-phospho-Ser 14-3-3 binding motif, anti-ATG5, Immunoblotting and Immunoprecipitation-Cells were washed with ice-cold PBS, then lysed in either Triton buffer (1% Triton X-100, 50 mM Tris, pH 7.5, 100 mM NaCl, 5 mM EDTA, 0.2 mM orthovanadate, 40 mM ␤-glycerophosphate, 50 mM NaF, 10% glycerol, 1 mM PMSF, 0.5 g/ml of aprotinin, 0.5 g/ml of leupeptin, and 0.7 g/ml of pepstatin) or high salt lysis buffer (1% Nonidet P-40, 50 mM Tris, pH 7.5, 300 mM NaCl, 150 mM KCl, 5 mM EDTA, 10 mM NaF, 10% glycerol, 0.2 mM orthovanadate, 1 mM PMSF, 0.5 g/ml of aprotinin, 0.5 g/ml of leupeptin, and 0.7 g/ml of pepstatin) followed by a 5-s sonication. Total cell lysates were cleared of cellular debris by centrifugation (10,000 ϫ g, 10 min, 4°C). Protein concentrations were measured using the bicinchronic acid (BCA) reagent procedure from Pierce (23225) with bovine serum albumin as standard. Equal amounts of protein were separated by SDS-PAGE, and proteins were detected immunologically after electrotransfer onto nitrocellulose or polyvinylidene difluoride membranes as previously described (8) . For immunoprecipitation, 1.5 mg of cleared lysates were incubated with 15 l of GFP-Trap-agarose beads (Chromotek, gta) for 2 h at 4°C under agitation. The beads were then washed three times with lysis buffer before boiling for 5 min in 4ϫ Laemmli sample buffer (ϫ1 ϭ 62.5 mM Tris-HCl, pH 6.8, 2.3% SDS, 10% glycerol, 1 mM PMSF, 0.005% bromphenol blue, and 5% ␤-mercaptoethanol).
Subcellular Fractionation-Cells were washed twice with ice-cold PBS, lysed in Buffer A (10 mM Hepes, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 10 mM NaF, 10 mM ␤-glycerophosphate, 200 M orthovanadate, 1 mM PMSF, 0.5 g/ml of aprotinin, 0.5 g/ml of leupeptin, and 0.7 g/ml of pepstatin) and kept on ice for 15 min after which Nonidet P-40 (0.625%) was added. The lysates were vortexed 15 s before being centrifuged at 12,000 ϫ g for 30 s at 4°C. The supernatants containing the cytoplasmic proteins were collected. The pellets were resuspended in Buffer B (20 mM Hepes, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 10 mM NaF, 10 mM ␤-glycerophosphate, 5% glycerol, 200 M orthovanadate, 1 mM PMSF, 0.5 g/ml of aprotinin, 0.5 g/ml of leupeptin, and 0.7 g/ml of pepstatin) and centrifuged at 10,000 ϫ g, for 10 min at 4°C. The supernatants representing the nuclear proteins were collected. Protein concentration was measured with the BCA reagent and samples were analyzed by immunoblotting.
Lysosome Labeling-Lysosomes were visualized by incubating cells with the Lysotracker Red DND-99 dye (50 nM) (Molecular Probes; L-7528) for 1 h at 37°C 5% CO 2 . Cells were fixed in 2% paraformaldehyde (30 min, 4°C), washed with PBS, stained with 4Ј,6-diamidino-2-phenylindole (DAPI) for 5 min, washed again, and visualized under laser excitation at 555 nm.
Immunofluorescence Confocal Microscopy-Cells were seeded at 70% confluence on glass coverslips. The coverslips were placed in 6-well culture plates and incubated for 24 h. Cells were then treated for 1 h with vehicle (DMSO), CHIR99021 (5 M), or Torin1 (250 nM). Following incubations, the cells were washed with PBS, fixed with 2% paraformaldehyde (30 min, 4°C), permeabilized (0.1% Triton X-100 or 100% methanol), and immunostained for 2 h with the primary antibody. The cells were washed and incubated with Alexa 488-conjugated secondary antibody for 1 h. Cells were then stained with DAPI for 5 min. The cells were washed again followed by slide mounting using Immu-Mount (Thermo Scientific, 9990402). Cells were examined with a Zeiss LSM700 confocal microscope equipped with ϫ20, 63, and 100 oil immersion objectives or an Olympus FV1000 confocal microscope equipped with a ϫ63 oil immersion objective. Specimens were laser-excited sequentially at 488 and 405 nm. Serial horizontal optical sections of 512 ϫ 512 pixels with 2-times line averaging were taken at 0.4-m intervals through the entire thickness of the cell. Images were acquired on the same day, typically from 15 cells of similar size from each experimental condition, under identical settings. Stack images of 5 to 6 (ϫ20), 7 to 9 (ϫ63), or 15 to 18 (ϫ100) slices are shown.
Image Analysis and Quantitative Measurement-In the case of Alexa 488/DAPI-merged fluorescence images, dot fluorograms were obtained by plotting pixel values of each marker in the vertical and horizontal axes, respectively. Thresholds were determined using single markers followed by noise and background subtraction. Quadrant markers were adjusted forming background (C), green-only (D), blue-only (A), and co-localization areas (B). The percentage of colocalization was calculated as: (B)/((B)ϩ(D)) ϫ 100. To determine fluorescence quantification, images were processed for a total of 15 slices per cell on 15 size-matched cells for each experimental condition, with experiments performed at least twice. Images are shown in pseudocolor, according to their original fluorochromes, merged (FluoView software (Olympus)), then cropped and assembled with Adobe Photoshop software. For calculation of the percentage of nuclear TFEB-labeled cells, cells were prepared as described above. Cells were visualized by fluorescence microscopy, and cells with nuclear TFEB were identified by the colocalization between nucleus (DAPI) and TFEB (Alexa 488) staining, and counted. Six fields of 50 cells were counted for each experimental condition.
Transfections-Cells were transfected with Lipofectamine 2000 (Invitrogen, 11668-019) or Effectene (Qiagen, 301425) according to the manufacturer's recommendations and as previously described (8) . For small interfering RNA (siRNA)-mediated silencing, PANC1 cells were transfected with 100 nM of a control siRNA (Dharmacon, D-001210-03-05) or an ATG5 siRNA (Santa Cruz Biotechnology, sc-41445). Twenty-four hours post-transfection, cells were treated with CHIR99021 or vehicle (DMSO) prior to protein expression analysis by immunoblotting. For the expression of TFEB-EGFP, HEK293T and PANC1 cells were transfected for 48 h with the pEGFP-N1-TFEB construct (Addgene plasmid 38119) followed by 1 h treatment with vehicle (DMSO), CHIR99021, or Torin1. Cells were either lysed for protein expression analysis by immunoblotting or processed for immunofluorescence confocal microscopy.
Generation of Lentiviruses and Infection-The non-target (Sigma, SHC-16), GSK3␤ (Sigma; TRCN0000040001), GSK3␣ (Sigma; TRCN0000039766), and TFEB (OpenBioSystems; TRCN0000013111) targeting lentiviral short hairpin RNA (shRNA) expression vectors were used. Lentiviruses were produced in HEK293T and used for PANC1 infection as previously described (8) . For the generation of stable PANC1-shnon-target (shCTL) and PANC1-shTFEB populations, infected cells were selected (10 days) and maintained in puromycin (5 g/ml).
Soft Agarose Assay-Anchorage-independent growth was tested as previously described (8) . Briefly, 6-well dishes were precoated with 1.5 ml/well mixture (1:1) of 2ϫ DMEM without phenol red and agarose type VII 1.4% (Sigma, A9045). Cells were then seeded on top of the precoated wells by adding 2 ml of DMEM/agarose mixture (1:1) containing 7,500 cells/ml, after which the plates were allowed to solidify. For treatments, fresh 1ϫ DMEM without phenol red supplemented with 10% FBS containing the specified inhibitors was added to the surface of the agarose and changed daily. After 3 weeks, colonies were stained by adding 500 l of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Calbiochem, 475989) at 0.5 mg/ml in PBS to the surface of the agarose and incubated for 3 h at 37°C in 5% CO 2 . Images were acquired and colonies were counted using ImageJ software version 1.47d.
Stable Isotope Labeling and Mass Spectrometry Analysis-HEK293T cells were grown for at least 6 passages in DMEM lacking arginine and lysine (Invitrogen, A14431-01) supplemented with 10% dialyzed FBS (Invitrogen, 26400-044), 2 mM L-Glutamax, 100 units/ml of penicillin/streptomycin (Wisent, 450-201-EL), and either light arginine and lysine (LIGHT condition) (Arg 0 , Lys 0 ; Sigma A5006, L5501), medium arginine and lysine (MEDIUM condition) (Arg Cells from all conditions were lysed and TFEB-EGFP was immunoprecipitated from 5 mg of protein lysates using 50 l of GFP-Trapagarose beads (ChromoTek, gta) at 4°C for 2 h. Prior to onbeads trypsin digestion, samples from L, M, and H conditions were combined at a 1:1:1 ratio and washed 5 times in 20 mM ammonium bicarbonate. Proteins were reduced in 10 mM DTT for 30 min at 60°C and then alkylated by adding 15 mM iodoacetamide for 1 h at room temperature. Iodoacetamide was quenched by increasing DTT concentration to 15 mM and onbeads digestion was performed with 1 g of trypsin gold (Promega, V5280) overnight at 37°C. The digestion was stopped by acidifying to 1% formic acid and the supernatants were transferred to LoBind tubes (Eppendorf, 13-698-794). The beads were resuspended in a 60% acetonitrile, 0.1% formic acid solution for 5 min and the supernatant was combined with the previous supernatant. Samples were then lyophilized in a SpeedVac and resuspended in 20 l of 0.1% trifluoroacetic acid. Desalting and concentration of sample peptides was carried out using ZipTip (Millipore, ZTC18S096) according to the manufacturer's recommendations. Peptides were resuspended in 25 l of 1% formic acid and separated on-line with an Easy nLC system (Thermo Fisher Scientific). Samples (5 l) were loaded as described (35) . Peptides were eluted with a gradient from 10 to 60% solvent B over 240 min with a constant flow of 250 nl/min. The high-performance liquid chromatography (HPLC) system was coupled to a QExactive Orbitrap mass spectrometer (Thermo Fisher Scientific) through a nanoscale LC interface (Dionex Ultimate 3000; Thermo Fisher Scientific). The spray voltage was 2 kV, and the temperature of the heated capillary was 270°C. Survey full-scan spectra (mass/charge ratio (m/z) ϭ 350 to 1600) were acquired in positive ion mode with a resolution of 70,000 at m/z ϭ 400 after accumulation of 1,000,000 ions. Up to 10 most-intense ions were sequenced by higher energy collisional dissociation in the Orbitrap. Precursor ion charge-state screening was enabled, and all unassigned charge states as well as 1, 7, 8, and Ͼ8 charged peptides were rejected. The dynamic exclusion list was restricted to a maximum of 500 entries with a maximum retention period of 40 s and a relative mass window of 10 parts per million (ppm). Orbitrap measurements were performed, enabling the lock mass option for survey scans to improve mass accuracy. Data were acquired with the Xcalibur software (version 2.1). Quantification was performed using the MaxQuant software (version 1.4.1.2) and data were searched using Andromeda against the Uniprot human protein database. The initial mass tolerance was set to 20 ppm and MS/MS tolerance was 0.5 Da. The carbamidomethylation of cysteines was set as a fixed modification. The false discovery rate was set to 0.01 and the minimum peptide length required was set to 7 residues.
Data Presentation and Statistical Analysis-All experiments were performed independently at least three times. Typical immunoblots are shown. Densitometric analyses were performed using ImageJ software version 1.47d. Data were analyzed by Prism 6 (GraphPad Prism) by unpaired t test. Results are expressed as means and error bars represent S.E. Differences were considered statistically significant when p Ͻ 0.05.
RESULTS

GSK3 Inhibition Induces an Autophagic Response in Human
Pancreatic Cancer Cells-To evaluate the impact of GSK3 inhibitors on autophagy, we first analyzed expression levels of the microtubule-associated protein 1 light chain 3B II (LC3B II), a LC3B-phosphatidylethanolamine conjugate and autophagosomal marker (16, 17) . Treatment of pancreatic cancer cells with GSK3 inhibitors CHIR99021 and SB216763 (8) induced PARP and CASPASE 7 cleavages but also led to increased expression of LC3B II, indicative of an autophagic response (Fig. 1A) . Similar results were obtained in GSK3␤-depleted cells, i.e. reduction of GSK3␤ expression led to increased PARP and CASPASE 7 cleavages (8) and increased expression of LC3B II (see Figs. 1C and 3B). To ensure that the increased LC3B II expression reflected an increase of autophagy and not a blockade of autophagosome degradation, autophagic flux was examined. Inhibition of autophagosome degradation by chloroquine further enhanced LC3B II expression upon treatment with GSK3 inhibitor (Fig. 1B) or in cells transduced with a shRNA targeting GSK3␤ (Fig. 1C) suggesting that GSK3 inhibition promotes an autophagic response in pancreatic cancer cells. Noteworthy, the induction of autophagy, visible at 24 h post-treatment, preceded the detection of apoptotic markers (Fig. 1A) . To further support the induction of autophagy upon treatment with GSK3 inhibitors, autophagosome formation (punctate LC3B) was examined using confocal microscopy. As shown in Fig. 1D , LC3B puncta were detected in DMSO-treated (control) pancreatic cancer cells suggestive of a high degree of autophagy in these cells. This observation is in agreement with a previous report demonstrating an elevated level of autophagy in human pancreatic cancer cell lines that is required for their growth (26) . Despite the high level of basal autophagy, an increased staining of LC3B puncta per cell was observed upon treatment with CHIR99021 or the mTOR inhibitor Torin1 (Fig.  1D) , the latter being used as a known inducer of autophagy (16, 17) . For completion of autophagy, the autophagosomes ultimately fuse with lysosomes to ensure the degradation of autophagosomal content (16, 17, 36) . We therefore examined the lysosomal system by performing labeling of these organelles with Lysotracker. Both GSK3 and mTOR inhibitors led to an increase in lysosomal staining (Fig. 1E) . Of note, cells treated with the S6 kinase 1 (S6K1) inhibitor PF-4708671 (Fig. 1F) or shcJUN-expressing cells (see Fig. 4B ) did not depict increased LC3B II expression levels supporting a degree of specificity of the GSK3 and mTOR inhibitors in activation of the autophagy/ lysosomal system. Altogether, our results indicate that GSK3 inhibition triggers both apoptosis and autophagy in the pancreatic cancer cell line PANC1.
We previously showed that prolonged inhibition of GSK3 activity failed to induce apoptosis in the human non-trans-GSK3 Inhibition Induces Autophagy FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9 formed pancreatic epithelial cell line HPDE (8) . To determine whether induction of autophagy was also specific to pancreatic cancer cells, HPDE cells were treated with CHIR99021 before assessing autophagy markers. Interestingly, increased expression levels of autophagosome membrane-bound LC3B II ( Fig.  2A) and increased LC3B puncta staining were detected in HPDE cells upon treatment with GSK3 or mTOR inhibitor (Fig.  2B) . These results suggest that the autophagic response induced upon GSK3 inhibition is not specific to pancreatic cancer cells but also applicable to non-transformed pancreatic epithelial cells. Of note, higher expression levels of LC3B II were observed in Gsk3␤ Ϫ/Ϫ immortalized MEF comparatively to Gsk3␤ ϩ/ϩ MEF (Fig. 2C) .
Inhibition of Autophagy Sensitizes Human Pancreatic Cancer
Cells to GSK3 Inhibition-induced Apoptosis-Given that various studies have suggested that autophagy may contribute to chemotherapeutic resistance by acting as a prosurvival mechanism (29 -31, 37, 38) , the role of autophagy in pancreatic cancer cell survival was addressed, particularly under conditions of GSK3 inhibition. Bafilomycin A1, a vacuolar H ϩ ATPase inhibitor that prevents lysosome acidification, was used to inhibit autophagy. As previously reported (8), a 24-h treatment with GSK3 inhibitor failed to impact the expression of apoptotic markers, namely the cleavage of PARP and CASPASE 7 (Figs.  1A and 3A) . However, concomitant treatment of cells with CHIR99021 and Bafilomycin A1 markedly promoted PARP and CASPASE 7 cleavage (Fig. 3A) . Bafilomycin A1 also promoted PARP and CASPASE 7 cleavage in GSK3␤-depleted cells (Fig.  3B) , suggesting that inhibition of autophagy sensitizes pancreatic cancer cells to cell death upon GSK3 inhibition. To further validate the protective role of autophagy against GSK3 inhibition, autophagy was specifically inhibited by transfecting cells with a siRNA targeting ATG5, a protein involved in autophagosome formation (16, 17) . The siRNA-mediated reduction in ATG5 was effective in blocking CHIR99021-induced LC3B II expression (Fig. 3C) . Moreover, CHIR99021-treated cells transfected with a siATG5 displayed higher expression levels of cleaved PARP and CASPASE 7 (nearly 2-fold increase) compared with control cells transfected with a control siRNA. These data are consistent with a prosurvival role of autophagy following GSK3 inhibition. Soft-agarose assays were performed to confirm the impact of GSK3 and autophagy inhibition on pancreatic cancer cell growth. As previously published (8) , treatment with GSK3 inhibitor impaired anchorage-independent growth by reducing the ability of PANC1 cells to form colonies in soft agarose by ϳ80% (Fig.  3D) . Bafilomycin A1 was also effective in limiting anchorageindependent growth by 90%. The effect of the combined treatment of CHIR99021 and Bafilomycin A1 significantly differed from inhibitor treatment alone and was able to almost completely abolish pancreatic cancer cell anchorageindependent growth (Fig. 3D) .
We reported the requirement of JNK-cJUN pathway activation in GSK3 inhibition-mediated apoptosis (8) . To identify the cellular and molecular mechanisms involved in the regulation of autophagy, the impact of JNK-cJUN inhibition on induced autophagy following GSK3 inhibitor treatment was assessed. Neither the JNK inhibitor SP600125 (Fig. 4A ) nor shRNA-mediated cJUN down-regulation (Fig. 4B ) was able to prevent CHIR99021-induced LC3B II expression, thereby excluding a major contribution of JNK-cJUN activity in the induction of autophagy following GSK3 inhibition. These results thus suggest that activation of the JNK-cJUN axis upon GSK3 inhibition is required for the apoptotic response (8) but dispensable for CHIR99021-induced autophagy.
Regulation of TFEB by GSK3 Inhibition-Our data revealed a potential impact of GSK3 inhibition on autophagosome and lysosomal biogenesis (Fig. 1) . Recent studies identified TFEB as a master regulator of autophagy and lysosomal biogenesis (39, 40) . Although the mechanisms controlling TFEB have not been extensively studied, it was nevertheless suggested that inhibition of mTORC1 links TFEB nuclear localization with autophagy and lysosomal biogenesis. In light of the above, subcellular TFEB localization was examined. As expected, a rapid nuclear translocation of TFEB was observed upon Torin1 treatment in HEK293T cells transiently transfected with an EGFPfused TFEB (TFEB-EGFP) (Fig. 5A) . A predominant nuclear localization of TFEB-EGFP was also detected in CHIR99021-treated HEK293T cells compared with DMSO-treated cells. Because the present experiments were mainly performed using pancreatic cancer cells, subcellular localization of TFEB was also assessed in PANC1 cells. Surprisingly, TFEB-EGFP staining was predominantly found in the nucleus of untreated (fully fed) PANC1 cells (Fig. 5B) . To verify whether the latter represented an artifact of overexpression, the subcellular localization of endogenous TFEB was investigated. Confocal microscopy analysis enabled the confirmation of a predominant nuclear localization of TFEB in fully fed conditions (DMSO-treated) (Fig. 5C) , with over 70% of PANC1 cells displaying nuclear labeling for TFEB (Fig. 5D ). Despite this high percentage, both GSK3 and mTOR inhibitor treatment significantly increased the number of cells with nuclear TFEB staining (Fig. 5D ) and further promoted the nuclear localization of TFEB (Fig. 5E ). Of note, human non-transformed pancreatic epithelial HPDE cells displayed predominant cytoplasmic TFEB localization under normal conditions, whereas GSK3 inhibition led to enriched TFEB nuclear staining (Fig. 5F ). Our data thus suggest that, likewise to mTOR inhibitor, treatment with GSK3 inhibitors promote TFEB nuclear localization.
Expression levels of TFEB were next investigated by immunoblotting. An acceleration of the electrophoretic mobility of endogenous TFEB was observed, particularly in the nuclear fraction, upon treatment of PANC1 cells with the GSK3 inhibitor CHIR99021 (Fig. 6A) . Accordingly, shGSK3␣/␤-depleted cells displayed an acceleration of the electrophoretic mobility of TFEB (Fig. 6B) . Treatment with Torin1 also modified the migration pattern of TFEB albeit to a lesser extent (Fig. 6, A and  C) . The alteration of TFEB migration on SDS-PAGE upon CHIR99021 treatment was comparable with that observed in HEK293T and in another pancreatic cancer cell line, namely MIA PaCa-2 (Fig. 6C) . Another GSK3 inhibitor SB216763 was as potent as CHIR99021 in accelerating TFEB electrophoretic mobility (see Fig. 9D ). Noteworthy, the GSK3 inhibitor-induced TFEB acceleration of electrophoretic mobility occurred without any significant impact on the activity of the mTORC1-S6K1 axis as measured by phosphorylation of the established mTORC1 substrate S6K1 (Fig. 6C) . These results suggest that GSK3 inhibition modifies the post-translational profile of TFEB. Of note, preventing CHIR99021-induced autophagy (Fig. 3C) or caspases activation and PARP cleavage (Fig. 6E) did not alter the acceleration of TFEB electrophoretic mobility upon GSK3 inhibition (Fig. 6, D and E) . These results suggest that detection of autophagy and apoptotic markers followed the impact of GSK3 inhibition on TFEB. Furthermore, autophagy induction appears independent of the apoptotic signals given that the caspase inhibitor was inefficient in blocking the CHIR99021-induced LC3B II expression (Fig. 6E) .
To explain the above effect on TFEB mobility shift, a previous study suggested that a substantial fraction of TFEB is phosphorylated under fully fed conditions thereby contributing to its higher molecular weight size (41) . Given that the impact on Total cell lysates were subjected to immunoblotting using the indicated antibodies. B, HPDE cells were treated for 24 h with DMSO, CHIR99021 (CHIR; 5 M), or Torin1 (250 nM). Autophagosome (punctate LC3B) labeling was performed and nuclei were stained with DAPI. Stack images of 16 -17 slices were acquired on a Zeiss LSM700 confocal microscope with a ϫ100 objective and the merged image is shown. Scale bars, 10 m. C, exponentially growing Gsk3␤ ϩ/ϩ and Gsk3␤ Ϫ/Ϫ MEF were harvested and total cell lysates were analyzed by immunoblotting using the indicated antibodies. FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9
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TFEB migration was evident as early as 30 min after CHIR99021 treatment, we tested whether GSK3 inhibition leads to TFEB dephosphorylation through the involvement of endogenous phosphatases. Cells were pre-treated with the serine/threonine phosphatase inhibitor Calyculin A. The increase in phosphorylation of ERK1/2, known to be highly regulated by phosphatases (42) , was assessed to confirm phosphatase inhibition. Addition of Calyculin A prevented the CHIR99021-induced TFEB mobility shift (Fig. 7A) supporting a role for endogenous serine/threonine phosphatases in dephosphorylation of TFEB upon GSK3 inhibition. Calyculin A also prevented the Torin1-induced TFEB mobility shift. Dephosphorylation of TFEB on its Ser 211 , corresponding to a consensus 14-3-3 binding site, has been associated with increased TFEB nuclear localization (41, 43) . To test whether this phosphosite was affected by GSK3 inhibition, we immunoprecipitated TFEB and assessed Ser 211 phosphorylation using a selective antiphospho-Ser 14-3-3 binding motif as previously done by others (41, 44) . Reduced phosphorylation levels of TFEB on its 14-3-3 binding motif, Ser 211 , was observed upon GSK3 and mTOR inhibition (Fig. 7B) . Collectively, the above data suggest that treatment with GSK3 and mTOR inhibitors leads to the dephosphorylation of TFEB, among others on its Ser 211 , and promotes its nuclear localization.
Previous reports indicated that decreased TFEB phosphorylation following mTORC1 inhibition correlates with 14-3-3 dissociation from TFEB (41, 43) . Co-immunoprecipitation studies confirmed the reduction in 14-3-3 interaction with TFEB upon Torin1 treatment in both HEK293T (Fig. 8A ) and PANC1 cells (Fig. 8B) . Similar results were obtained in CHIR99021-treated cells. Accordingly, quantitative mass spectrometry analysis demonstrated that five 14-3-3 proteins were highly associated with TFEB in DMSO-treated cells as denoted by their high M/L ratio. Upon CHIR99021 or Torin1 treatments, these 14-3-3 proteins were observed to be less associated with TFEB as revealed by the low H/M ratios ( Fig. 8C and Table 1 ). Several histones and other nuclear proteins, although poorly interacting with TFEB in DMSO-treated cells, were detected and were among the most associated TFEB partners upon either CHIR99021 or Torin1 treatment (Fig. 8C and Table 1 ). Collectively, these results are in accordance with a dissociation of 14-3-3 proteins from TFEB followed by its nuclear translocation upon treatment with GSK3 and mTOR inhibitors.
The present data suggest that GSK3 inhibition, although promoting apoptosis also induces prosurvival signals, which may involve the participation of autophagy and/or TFEB. To address the possibility that the fostering of TFEB function contributes to the prosurvival signals induced by GSK3 inhibitors, a stable PANC1 population expressing a TFEB-targeting shRNA was generated. This PANC1-shTFEB population displayed lower expression levels of some autophagy and lysosomal markers such as BECLIN-1 and LAMP1 (Fig. 9A) . Most importantly, reduced autophagic flux was observed in the PANC1-shTFEB population compared with the PANC1-shCTL population when treated with the GSK3 inhibitor CHIR99021 (Fig.  9B) suggesting that induction of autophagy is compromised in the PANC1-shTFEB population upon GSK3 inhibition. Noteworthy, the PANC1-shTFEB population displayed a reduced capacity to form colonies in soft agarose compared with the PANC1-shCTL population (Fig. 9C) suggesting that TFEB sustains PANC1 anchorage-independent growth. CHIR99021 was effective in limiting anchorage-independent growth of both PANC1-shCTL and PANC1-shTFEB cells. Additionally, PANC1 cells with reduced expression levels of TFEB were more sensitive to GSK3 inhibitor-induced apoptosis as visualized by the increased expression of cleaved PARP and CASPASE 7 (Fig.  9D ). Torin1 treatment failed to impact these apoptotic markers, whether in PANC1-shCTL or PANC1-shTFEB cells. These findings suggest that TFEB limits apoptosis particularly when pancreatic cancer cells are treated with GSK3 inhibitors.
DISCUSSION
Our study defines a novel cellular process induced by GSK3 inhibitors in pancreatic cancer cells. In addition to triggering apoptotic signals (8), GSK3 inhibitors concomitantly elicit activation of the autophagy/lysosomal network. Interfering with this network sensitizes pancreatic cancer cells to GSK3 inhibitor-induced apoptosis suggesting the existence of prosurvival signals to counterbalance the death signals. Induction of autophagy has been observed in response to various chemotherapeutic agents in numerous cancer cells including pancreatic cancer cells (27-31, 37, 38) . Because the present findings point toward a cytoprotective effect of autophagy in pancreatic FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9 cancer cells, these observations potentially encourage the monitoring of autophagy when testing (new) chemotherapeutic agents. In particular, given that we and others have suggested testing GSK3 inhibitors in the setting of PDAC patients (5, 6, 8, 9, 11, 12, 45, 46) , our results underscore the need to further explore the GSK3 downstream effectors to define better combination therapies. Concomitant GSK3 and autophagy inhibitors appear as an attractive new therapeutic option for PDAC patients given that such inhibitors, including lithium (47, 48) and chloroquine (49) , have been safely used in clinical settings for many years. However, before going down that road, inactivation of GSK3 combined with autophagy and/or TFEB inhibition will require detailed investigation in in vivo settings using, as an example, mouse models of PDAC.
GSK3 Inhibition Induces Autophagy
Few reports have proposed potential mechanisms for autophagy regulation by GSK3 (13) (14) (15) . Noteworthy, in fully fed murine neuroblastoma cells, increased lysosomal biogenesis was observed upon Gsk3 inhibition although the underlying mechanism remained unclear (14) . The present data are in line with these results as we observed increased LC3B II expression, autophagic flux, and/or lysosomal staining in fully fed GSK3-restricted pancreatic cancer cells, non-tumoral pancreatic epithelial cells and in MEF cells. Mechanistically, we were able to exclude a role of the JNK-cJUN axis in the induction of autophagy and rather suggest that apoptosis and autophagy signals generated upon GSK3 inhibitor treatment emanate from distinct effectors. Total cell lysates were prepared and TFEB-EGFP was immunoprecipitated using GFP-Trap-agarose beads followed by immunoblotting analyses of immunoprecipitates. TFEB-EGFP expression was analyzed using an anti-GFP antibody. Phosphorylation of TFEB-EGFP on Ser 211 was analyzed using an anti-phospho-Ser 14-3-3 binding motif.
Our study provides further support for a role of GSK3 in the regulation of TFEB, a recently identified master transcriptional regulator of autophagy and lysosomal biogenesis (40) . A recent study in murine neuroblastoma cells has shown that Gsk3 inhibition leads to nuclear translocation of TFEB (14) . Our data support such regulation although it remains unclear as to whether the nuclear translocation of TFEB represents the primary mode of regulation of TFEB upon GSK3 inhibition because a predominant nuclear TFEB localization was observed in fully fed PANC1 cells. Regardless of its subcellular localization in fully fed cells, we have still observed enrichment of nuclear TFEB correlating with its 14-3-3 dissociation upon GSK3 inhibition in both HEK293T and PANC1 cells suggesting that TFEB is subjected to similar GSK3-dependent regulation in different cell types. The reason for the enriched nuclear TFEB localization in fully fed PANC1 cells as opposed to the cytoplasmic TFEB localization in fully fed HEK293T and HPDE is unclear. Increased nuclear localization of the transcription factor E3, likewise to TFEB, a member of the MiTF/TFE transcription factor family, was observed in renal tumors from BirtHogg-Dubé syndrome patients, a syndrome associated with a germline mutation of the FLCN gene (50) . Recent studies further supported a role for FLCN in the cytoplasmic retention of transcription factor E3, MiTF, and TFEB (51, 52) . The status of the FLCN gene in PANC1 cells as well as its contribution to nuclear TFEB accumulation remain unknown, although testing of this avenue in the future could prove of valuable interest. Still, recent proteomic analyses have revealed an increased abundance of TFEB-regulated proteins specifically in human pancreatic cancer tissues compared with normal and chronic pancreatitis tissues (53) , suggesting that TFEB may be particularly transcriptionally active (nuclear) in pancreatic cancer cells.
The majority of studies to date suggested that mTORC1-dependent phosphorylation of TFEB allowed its cytoplasmic retention and, logically, inhibition of mTORC1 activity was associated with non(less)-phosphorylated forms and nuclear accumulation of TFEB (41, 43, 44, 52, 54, 55) . Notwithstanding the latter, we reasoned that dephosphorylation of TFEB within 30 min could not be explained by the sole preclusion of TFEB phosphorylation. Not only does the present data provide support for a role of endogenous serine/threonine phosphatases in the rapid dephosphorylation of TFEB, among others on its Ser 211 upon treatment with GSK3 and mTOR inhibitors, but also show that the dephosphorylation events occurring on TFEB are under a strict regulatory process. From the experiments herein, it is clear that GSK3 and mTOR inhibition differently and independently impinge on the status of TFEB phosphorylation and it is our belief that GSK3 employs different means than those used by mTOR to impair TFEB phosphorylation. In support of this hypothesis, TFEB dephosphorylation and nuclear translocation were consistently observed upon GSK3 inhibition at a time point (30 -60 min) at which no modulation in the activity of the mTORC1-S6K1 axis was observed. It is thus tempting to speculate that TFEB may be controlled by a panel of kinases and phosphatases that Table 1 . FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9 respond to different environmental cues. To date, data from quantitative proteomics have identified over 19 phosphorylation sites on human TFEB (56 -59). It is likely that several kinases and phosphatases are involved the regulation of these phosphosites. Although not directly tested in the current study, assessing the direct phosphorylation of TFEB by GSK3 should also prove of interest in future studies delineating the exact contribution of GSK3, as compared with mTOR, in TFEB regulation. 
Irrespective of the differential impact on TFEB phosphorylation, the present results globally support a positive contribution of GSK3 and mTOR inhibitors on TFEB transcriptional function. 14-3-3 dissociation from TFEB was previously proposed to unmask nuclear localization signals thereby promoting the nuclear localization of TFEB essential to the expression of its target genes (41) . Our results support these observations given the observed loss of interaction of TFEB with 14-3-3 chaperones and TFEB nuclear accumulation upon treatment with GSK3 and mTOR inhibitors. To our knowledge, the present data are the first to perform a broad analysis of TFEB interacting partners in fully fed cells versus mTOR-restricted cells. Our findings also demonstrate an increased association of TFEB with transcriptional regulators upon mTOR inhibition. This increased association was similarly observed in GSK3-inhibited cells suggesting that both mTOR and GSK3 inhibition are associated with the promotion of TFEB nuclear function.
The present study provides evidence that TFEB contributes to the transformed phenotype of pancreatic cancer PANC1 cells because reduction of its expression impaired PANC1 anchorage-independent growth. The mechanism underlying this effect is, however, unknown. Studies assessing whether the reduced TFEB levels impinge on the high basal autophagy of human pancreatic cancer cells thereby altering their metabolism would be of particular interest. Indeed, it has previously been suggested that constitutive autophagy in pancreatic cancer cells enables their growth by sustaining oxidative phosphorylation thereby providing bioenergetic intermediates to various metabolic pathways (37) . This potential role of TFEB in ensuring the proper metabolism of transformed cells may particularly predominate in metabolically restrictive conditions such as those observed when cells are grown in soft agarose. Our study is thus the first to unveil an important role of TFEB in the maintenance of the transformed phenotype of human pancreatic cancer cells. A recent study revealed an aberrant increase in the N-glycosylation of proteins regulated by TFEB in pancreatic cancer tissues (53) supporting a potential role for TFEB in pancreatic carcinogenesis. In other systems such as renal cell carcinoma and melanoma, TFEB, as well as its family members transcription factor E3 and MiTF, were proposed to display FIGURE 9 . TFEB knockdown sensitizes pancreatic cancer cells to apoptosis upon GSK3 inhibition. A, total cell lysates from stable populations of PANC1-shCTL and PANC1-shTFEB were analyzed by immunoblotting using the indicated antibodies. B, stable populations of PANC1-shCTL and PANC1-shTFEB cells were treated for 48 h with CHIR99021 (CHIR; 5 M). Bafilomycin A1 (BAF; 50 nM) was added or not (Ϫ) 4 h prior to cell lysis. LC3B II and GAPDH expression levels were analyzed by immunoblotting. Representative immunoblots are shown. A graphical representation of LC3B II/GAPDH expression levels where the ratio in cells untreated with Bafilomycin A1 was set at 1 is shown. *, p Յ 0.05. ns ϭ not significant. C, stable populations of PANC1-shCTL and PANC1-shTFEB cells were seeded in soft-agarose, cultured for 3 weeks in the presence of DMSO or CHIR99021 (CHIR; 5 M), colonies were stained and counted. Representative images of one experiment are shown. A graphical representation of 4 independent experiments performed in duplicate is shown. The number of colonies in PANC1-shCTL was set at 1. ***, p Յ 0.001 as compared with shCTL, DMSO-treated cells; #, p Յ 0.05; ##, p Յ 0.01. D, stable populations of PANC1-shCTL and PANC1-shTFEB cells were treated for 48 h with DMSO (D), GSK3 inhibitors CHIR99021 (C; 5 M) or SB216763 (S; 20 M), or Torin1 (T; 250 nM). Total cell lysates were analyzed by immunoblotting using the indicated antibodies. The asterisk (*) denotes the GSK3 inhibitor-induced accelerated mobility shift of TFEB. FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9 oncogenic activity although the mechanisms involved remain elusive (60) . One possibility emanating from the present work is that TFEB could operate by limiting apoptosis under specific stress conditions such as GSK3 inhibition.
In conclusion, the present study highlights a dual role for GSK3 in pancreatic cancer cell survival and strengthens the view that GSK3 is central in managing downstream signaling pathways involved in the regulation of pancreatic cancer cell growth. Unbalancing the activity of a GSK3 downstream effector could have a considerable impact on the decision of the cell to undergo cell death. It is possible that the accessibility of GSK3 effectors may explain the pleiotropic and context-dependent effect of GSK3 inhibitors. The present findings also raise innovative clues with regard to the role and regulation of TFEB. Herein, we demonstrate that endogenous phosphatases and kinases regulate directly or indirectly TFEB and that GSK3 inhibition leads to TFEB dephosphorylation, which correlates with TFEB dissociation from 14-3-3 chaperones and TFEB nuclear localization. A key finding of the present study is the demonstration that, under fully fed conditions, TFEB displays an aberrant nuclear localization in human pancreatic cancer PANC1 cells compared with the cytoplasmic TFEB in non-transformed pancreatic epithelial HPDE cells and that TFEB depletion significantly impairs PANC1 anchorage-independent growth suggesting an important role for TFEB in pancreatic cancer cell growth.
